A method that permits the use of measurements on the concentration of the intermediate in a coupled enzymic assay in determining the presence or absence of an interaction between the enzymes is presented. The method is shown to be closely analogous to a previously formulated procedure involving the determination of the rate of production of the final product of such a sequence and is shown to be applicable regardless of the complexity of the operative kinetic mechanisms, provided it may be assumed that all enzyme-substrate complexes are in the steady-state. Kinetic results obtained with the arginase--ornithine carbamoyltransferase couple, in which the intermediate ornithine is monitored, are examined in these terms to conclude that no heterogeneous association is operative between the enzymes.
Introduction
It has been suggested that the enzymes arginase (EC 3.5.3.1) and ornithine carbamoyltransferase (EC 2.1.3.3) from both yeast and bacterial sources interact in the presence of ornithine and arginine (Messenguy et al. 1971; Wiame 1971; Penninckx 1975) . The enzymes catalyse a coupled sequence of reactions in which ornithine is produced by the arginase-catalysed conversion of arginine and is removed in reaction with carbamyl phosphate by the ornithine carbamoyltransferase-catalysed reaction to produce citrulline and phosphate. The hypothesis of macromolecular interaction between the enzymes under conditions of their joint kinetic operation cannot, however, be readily tested by a method (Kuchel et al. , 1975 ) that requires determination of the concentration of the final product in the coupled sequence, because the detection of citrulline is complicated in standard chemical assay by the joint presence of the intermediate, urea. At the same time, it is possible to determine the concentration of the other intermediate, ornithine, free of complication, and accordingly the question arises whether the previously established theory relating to the interpretation of coupled enzymic reactions may be extended specifically to permit test of the absence or presence of enzyme-enzyme interaction based on obtainable information on the rate of production of an intermediate rather than the final product. It is the major purpose of this work to present such theory in the hope that it may find general application with the type of system exemplified by the arginase-ornithine carbamoyltransferase couple. Kuchel et al. (1974) (Kuchel et al. 1975 ) that identity of these quantities provided direct evidence of the absence of any kinetically detectable enzyme-enzyme interaction in the coupled sequence. For systems in which [Sp] t cannot be determined, it is possible for the simple sequence of reactions considered by the previous workers to use instead 1\ [S2] (Ratner 1973) . Consider first the production of S2 with E2 absent, for which,
Theory
where K] is the inhibition constant (expressed as an association ~onstant). The concentration of S2 at time t may be expressed by the Maclaurin polynomial series expansion whereupon it follows that,
This series solution has been taken to a sufficiently high degree to demonstrate the effect of the inhibition on the concentration of the intermediate specifically by inclusion of the term containing K]. Consider now the coupled sequence with both E1 and E2 present for which, [Splt, c/dt}, (4) where the subscript (t,e) refers to the molar concentration of a reactant at time tin the coupled assay. Maclaurin polynomial expansion yields
5 from (6) In order to correlate this finding with previous work , we first consider a sequence in which the second reaction is of the irreversible MichaelisMenten type and (unlike the first reaction) uncomplicated by product inhibition. This situation is specified by,
It is evident that this first derivative evaluated at t = 0 is zero since [S2]O,c = 0 and that the corresponding second derivative also evaluated at
It follows from combination of equations 3b, 4 and 6 that, It is now noted that equation 6 has been derived without specification of any particular mechanism for the second reaction and thus applies to the Bi Bi ordered sequential mechanism of the ornithine carbamoyltransferase-catalysed step. The explicit expression for d [Sp] t,cldt for this mechanism, with Sp denoting citrulline, has been formulated by Cleland (1963) and use of it in equation 6 leads in an entirely analogous fashion to
t .... o where S2 denotes ornithine. The only difference between equation 8 and 9 is that in the latter vi and Ki are functions of the initial concentration of the second reactant of the Bi Bi reaction, carbamyl phosphate. Indeed, if the initial concentration of carbamyl phosphate is in excess, it may be shown that even this dependency is effectively eliminated since then,
(10a) (lOb) where standard notation is used to denote forward and backward rate constants. The important point emerges, however, that the value of the initial concentration of carbamyl phosphate, whether in excess or not, used to find V i and Ki from preliminary studies with E2 alone, must also be that used in the determination of A[S2]t in the coupled assay. With that reservation, equation 9 may be used in exactly the same was as equation 8: experimental results that conform to these relations, regardless of the complexity of the mechanism of the second reaction in the coupled sequence and inhibitory effects on the first enzyme, directly indicate the absence of enzyme-enzyme interaction. The presence of such interaction leads to more complicated relations, which have been already explored ).
Materials and Methods

Preparation of Enzymes
Ornithine carbamoyltransferase of specific activity 760 U mg-1 was prepared from calf liver by the method of Marshall and Cohen (1972) , and calf liver arginase essentially by the method of Harell and Sokolovsky (1972) , but with two modifications. First, a precipitation step was introduced after the heat treatment, the protein precipitating between 2· 0 and 2· 8 M ammonium sulfate being collected. The ammonium sulfate was removed by dialysis before the DEAE-cellu1ose chromatography in the next step. Secondly, final purification by isoelectric focusing was replaced by an additional fractionation by gel chromatography in which the protein was cycled three times through a 5 by 150-cm column of Sephadex G-150. The yield of 96 mg of enzyme of specific activity 890 U mg-1 from 2 kg of calf liver may be compared with the 26 mg of specific activity 790 U mg-1 cited by Harell and Sokolovsky (1972) .
Kinetic Studies
All kinetic measurements were carried out at 5°C and pH 7· 5 in a buffer containing 0·100 M Tris-HCI, 0·0005 M MnCI 2 , 0·001 M dithiothreitol, and sufficient KCI to adjust the ionic strength to 0·15 after the addition of substrates. In the experiments with arginase alone and in the presence of ornithine carbamoyltransferase, ornithine was assayed by the method of Chinard (1952) . In assays of ornithine carbamoyltransferase alone, the production of citrulline was monitored by the method of Ceriotti and Gazzaniga (1965) , using saturating levels (10 mM) of carbamyl phosphate.
Migration Studies
Sedimentation studies were performed in a Beckman model E ultracentrifuge at 25°C and the apparent specific volume of ornithine carbamoyltransferase was determined at this temperature to be 0'741 ml g-t, using an Anton Paar DMA 02C precision density meter. In frontal gel chromatographic experiments conducted with ornithine carbamoyltransferase, 50 ml of the enzyme solution was loaded onto a Sephadex G-100 column (1'6 by 62cm) of void volume 48·54rn1 previously equilibrated with buffer (0'02 M Tris-HCl, 0·13 M KCI, 0·005 M dithiothreitol, ionic strength 0·15, pH 7· 5) at 5°C. The elution profile was obtained by assaying enzymically weighed fractions (1'31 g).
Results and Discussion
It was confirmed by both sedimentation velocity and equilibrium analyses conducted in buffer (0·05 M Tris-HCl, 0·05 M KCl, 0·01 M p-mercaptoethanol, ionic strength O' 1, pH 7· 5) that the ornithine carbamoyltransferase preparation was homogeneous, characterized by a sedimentation coefficient relationship of S20 ,w = 6· 29 (1 -0 . 041 c )S, where c is in g dl-1 , and a molecular weight corrected for non-ideality effects of 110000, both results being in agreement with the findings of Marshall and Cohen (1972) . Frontal gel chromatographic studies on the enzyme yielded values of Kav (Laurent and Killander 1964) of 0.11 0 , 0.11 2 , 0·10 s and 0.11 4 at plateau concentrations of 1 xlO-S, 1 X 10-4 , 1 xl0-3 and 2·4xlO-3 g dl-l, respectively. Since Kav is concentration-independent and corresponds to a molecular weight of approximately 100000 (Andrews 1966) , it may be concluded that the enzyme does not dissociate at the low concentrations encountered in the kinetic studies. The same procedure has already been utilized to show that arginase of molecular weight 114000 also does not dissociate on dilution (Kuchel et al. 1975) : in this study it was CODfirmed that the arginase sedimented as a single symmetrical peak with S20,w of 6.1 4 8 at 0·83 g dl-1 • Sedimentation velocity studies were carried out on mixtures of the two enzymes in two different environments. In the first buffer (0'01 M Tris-HCI, 0·0005 M MnCI2 , 0·001 M dithiothreitol, 0·217 M KCI) only the intermediate ornithine (0·02 M) was included: a single sedimenting peak resulted with weight-average sedimentation coefficient of 6 '0 5 S, agreeing within experimental error with that calculated on the basis of no interaction between the enzymes. In the second medium (0 ·013 M Tris-HCI, 0·0005 M MnCI 2 , 0·001 M dithiothreitol, 0·0155 M KH2P04 , 0'0845M K 2 HP0 4 , 0·500 M L-citruIIine, 0·00153 M L-ornithine, 0·00036 M dilithium carbamyl phosphate), all substrates and products of the two enzymes were present with the sole exception of arginine. Under these equilibrium conditions, ornithine carbamoyltransferase is '" 80 % saturated with carbamyl phosphate and '" 65 % saturated with ornithine, while arginase is 35 % saturated with ornithine. A single sedimenting peak was observed, characterized by a weight-average sedimentation coefficient of 5 . 9 S, again indicating the absence of any enzyme-enzyme interaction .
•
., The inclusion of arginine to complete this examination evidently renders the consecutive reactions operative and it is in this connection that the kinetic theory developed, particularly equation 9, becomes relevant. Fig. 1 presents typical results of the difference in ornithine concentration, L1[S2]t' found in experiments conducted in the absence and presence of ornithine carbamoyltransferase, plotted against -tt 2 • In order to examine the relevance of equation 9, the solid lines in Fig. 1 have been constructed to pass through the origin with slopes vi Kiv o . The value of Vo was assessed as 1·15 X 10-5 M min-1 from the results obtained in the absence of ornithine carbamoyltransferase and was in agreement with an independent estimate made using equation 3b and kinetic parameters found for the arginase catalysed reaction alone [Kl = O·37(±O·03) mM-1 and breakdown rate constant 4·5 X 10 4 min-I]. Ki, which approximates K 2 , was determined from separate studies with ornithine carbamoyltransferase alone as 2·6 (±0'1) mM-1 utilizing anon-linear, least-squares regression analysis of the hyperbolic curve obtained with the substrate concentration in the range 0·05-10 mM ornithine. In the same study, the value of vi (,.., v 2 ) determined was used in equation lOa to estimate L3L4/(k-3 +k-4) to be 2'62xl0 3 min-I, which permitted the corresponding value of vi appropriate to equation 9 to be calculated for the reported enzyme concentration. Entirely similar results to those shown in Fig .1 were found with experiments conducted with arginine concentrations of 2· 5, 6· 25, 8· 0, and 10·0 mM and with an elevated ornithine carbamoyltransferase concentration (3·0 x 10-8 M) for this set of arginine concentrations. Even though errors in the determination of A[S2]t by a difference procedure must be acknowledged, it does appear that the results exemplified by Fig. 1 are in conformity with equation 9, in that the slope of the tangent to the experimental points as t-+O falls within the envelope defined by the solid lines. Therefore, it follows that, in the range of enzyme concentrations used in the coupled assays, no interaction between mammalian arginase and ornithine carbamoyltransferase is detectable even in the joint presence of substrates and products present in the reaction mixture.
The present theory could be usefully applied to provide an independent assessment of the reported interaction between the same enzymes from non-mammalian sources. Indeed, the development of equations 8 and 9 provides a means, within the limitations inherent in a difference procedure, of examining other coupled enzyme systems in these terms when only the concentration of the intermediate reactant may be determined. This formulation thus complements similar theory developed by Kuchel et al. (1974 Kuchel et al. ( , 1975 appropriate to systems where the final product may readily be monitored. Together, the approaches at the very least permit scrutiny of a basic assumption made in other kinetic analyses of coupled enzymic reactions (McClure 1969; Easterby 1973) conducted with an excess of the second enzyme, that no enzyme-enzyme interaction is operative.
